Johannes Kepler described the Copernican universe as consisting of a central, small, brilliant sun with its planetary system, all surrounded by giant stars. These stars were far larger than, and much dimmer than, the sun-his De Stella Nova shows that every visible star must exceed the size of the Earth's orbit, and the most prominent stars may exceed the size of the entire planetary system. His other writings, including his response to
INTRODUCTION

Robert Hooke presented an observation in his 1674 An Attempt to Prove the Motion of the Earth
that was more significant than his supposed observation of annual parallax that was the central feature of the book. Hooke discussed how he had been able to observe through his telescope during the daylight a star at the zenith, and how that star appeared to be very, very small:
[B]y this Observation of the Star in the day time when the Sun shined, with my 36 foot
Glass I found the body of the Star so very small, that it was but some few thirds [of an arc second] in Diameter, all the spurious rayes that do beard it in the night being cleerly shaved away, and the naked body thereof left a very small white point.
The smalness of this body thus discovered does very fully answer a grand objection alledged by divers of the great Anti-copernicans with great vehemency and insulting; amonst which we may reckon Ricciolus and Tacquet, who would fain make the apparent Diameters of the Stars so big, as that the body of the Star should contain the great Orb [Earth's orbit] many times, which would indeed swell the Stars to a magnitude vastly bigger then the Sun, thereby hoping to make it seem so improbable, as to be rejected by all parties. But they that shall by this means examine the Diameter of the fixt Stars, will find them so very small that according to these distances and Parallax they will not much differ in magnitude from the body of the Sun.... 1 The objection that Hooke notes here, of star size against the Copernican hypothesis, dated back to Tycho Brahe in the late sixteenth century. It was a simple argument-that for stars both to have the apparent size that they do, and also to be as distant as required by the Copernican hypothesis, every last one of them must be enormous. Thus the Copernican hypothesis essentially turned the stars into a new class of giant celestial bodies, far different than the earth, sun, moon, and planets, and this was so improbable as to prompt the rejection of the Copernican hypothesis.
What Hooke did not note was that many Copernicans embraced the giant stars. In fact, one Copernican who embraced them enthusiastically was an astronomer who Hooke cited several times in An Attempt to Prove, Johannes Kepler. 2 Indeed, Kepler used the star sizes to argue against a sort of universe that Hooke alluded to in An Attempt to Prove: a universe of "almost C. M. Graney: The Starry Universe of Johannes Kepler, pre-print (page 3 of 28)
infinite extension"; a universe in which "all the fixt Stars" are "as so many Suns"; a universe like that of Giordano Bruno. 3 Kepler embraced the giant stars in exactly the sort of manner that prompted vehement complaints and insults from anti-Copernicans like Giovanni Battista Riccioli: as not only a proof that the universe is not universe of suns, but as an illustration of the power and wisdom of God.
GIANT STARS
Under the Copernican heliocentric hypothesis the Earth's orbit must be negligible in size compared to the distances to the stars lest Earth's annual motion yield detectable parallax in the stars. Brahe noted that stars have a measurable apparent size, determining that first magnitude stars measured a little less than one tenth of the apparent diameter of the moon (a little less than three minutes of arc); his measurements were generally consistent with those of Ptolemy and others. 4 Since an object of a given apparent size has a physical size that is some fixed fraction of its distance (Figure FS) , at the vast distances required for the stars in the heliocentric hypothesis, Brahe's measured apparent sizes translated into enormous physical bulks: every star must dwarf the sun, which in turn must be a unique, small body in a universe of giants.
Johann Georg Locher and his mentor Christoph Scheiner neatly summarized Brahe's giant stars objection in their 1614 book Disquisitiones Mathematicae. They wrote that in the Copernican hypothesis the Earth's orbit is like a point within the universe of stars; but the stars, having measurable sizes, are larger than points; therefore, in the Copernican hypothesis every star must be larger than Earth's orbit, and of course vastly larger than the sun itself:
[E]ven the smallest star visible to the eye is much larger than the whole circle of Earth's orbit. This is because such a star has a measurable size, as does the circumference of the sky. The ratio of the size of the star to the size of the firmament of fixed stars is therefore perceptible. But according to the Copernican opinion, the ratio of the size of the circle of Earth's orbit to the size of the firmament is imperceptible. For in the Copernican opinion the size of the Earth's orbital circle holds the same proportion to the firmament as the size of Earth itself holds to the firmament in the common geocentric opinion. Yet experience shows the Earth to be of imperceptible size compared to the firmament. Thus in the Copernican opinion it is the circle of Earth's orbit that is of imperceptible size compared to the firmament-and therefore smaller than the smallest perceptible star.
5
The giant stars of the Copernican hypothesis stood in contrast to the more commensurate star sizes found in Brahe's own hybrid geocentric (or geo-heliocentric) hypothesis. In it, the sun, moon, and stars circled an immobile Earth, but the planets circled the sun ( Figure TB ). Insofar as these bodies were concerned, Brahe's hypothesis was observationally and mathematically identical to the Copernican hypothesis, and thus fully compatible with telescopic discoveries regarding these bodies. But the fixed stars were a different matter. Since the Earth was immobile in Brahe's hypothesis, there was no expectation of parallax, and thus no need for the stars to be distant in order to explain the absence of detectable parallax. Brahe put the stars a bit beyond Saturn, at a distance from the sun of 14,000 times the semidiameter of the Earth. And, since the stars were roughly similar to Saturn both in terms of distance and in terms of appearance in the night sky, they had to be similar to Saturn in physical bulk, too. In the Tychonic hypothesis, the sizes of the Earth, sun, moon, and planets were commensurate, with the moon being smallest and the sun being largest. This stood in contrast to the Copernican hypothesis, where according to Brahe's measurements and calculations, every last star dwarfed sun, moon, and planets ( Figure TS ).
The giant stars were, according to Christian Huygens, Brahe's "principle argument" against Copernicus. 6 Brahe considered them an absurdity. And, as Albert Van Helden has written, "Tycho's logic was impeccable; his measurements above reproach. A Copernican simply had to accept the results of this argument" and agree that the stars were giant. 7 Following Brahe a number of people raised the star size issue against the Copernicans. These included Simon As has been previously discussed in the pages of this journal, Riccioli gave an extensive treatment of the star size issue, particularly in light of the telescope. 9 The telescope did not change the issue, because the small aperture telescopes used at the time produced measurable disks when directed toward the fixed stars ( Figure D ), yet did not yield a detection of parallax.
(These disks were not then understood to be spurious products of the diffraction of light wavesthe "Airy disk" phenomenon. 10 15 Kepler counters that such variation in size is not unreasonable. Consider, he says, a 120-foot serpent noted by Pliny, versus a mite: the length of the snake exceeds that of the mite by a factor of 100,000. Kepler also compares the size of human beings to the Earth and to the universe. A variety of sizes clearly exists in the universe. 16 Thus he finds no problem in saying that the distance from the sun to the fixed stars holds the same proportion to the orbit of Saturn as the distance from the sun to Saturn holds to the diameter of the sun itself-and so he estimates the distance from the sun to the fixed stars at just over 34,000,000 times the semidiameter of Earth.
The sun seen from Earth has an apparent diameter of thirty arc minutes, and Saturn is ten times farther from the sun than Earth, so the sun seen from Saturn would have an apparent diameter of three minutes. And therefore, says Kepler, the orbit of Saturn seen from the fixed stars would have an apparent diameter of three minutes.
17
Kepler argues that what is commensurate in a Copernican universe are speeds. "The perfection of the universe is motion," he says. 18 He shows that in a Copernican universe, speeds range from Saturn, moving at 300 German miles per hour, to Mercury, moving at 1000-"a beautiful proportion," he writes, "where what is nearer to the quiescent sun (the dispenser of all movement) is always swifter." 19 Even the speeds of the day and night sides of Earth, and the velocity of the moon, fall into this same general range. Everything in the Copernican solar system moves at speeds ranging from about 250 to about 1250 miles per hour.
Kepler contrasts this with the geocentric universe:
Go now to Ptolemy and the ancient opinion; you will find everything more incredible. In that, the semidiameter of the sphere of the fixed stars occupies twenty thousand semidiameters of Earth. The circumference therefore will be 63,000-truly a reasonable number, 20 compared to the Copernican, but which all is said to go round in one day.
Therefore 2,625 semidiameters (each of which contains 860 miles) are covered in one hour. 21 Behold here what to me is an immense distinction. In the view of Ptolemy, Saturn is the nearest to the fixed stars, such that it will almost touch them. Following
Copernicus, in one hour it traverses 300 miles; following Ptolemy, 2,257,500 miles.
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Saturn must be believed to be 7,525 times swifter 23 under Ptolemy, than under
Copernicus. Whoever attempts mentally to comprehend this incredible velocity is overcome just as much as, and indeed more severely than, someone who attempts to comprehend the Copernican immensity. 24 Kepler notes that Tycho Brahe's hypothesis yields a somewhat more compact universe than Ptolemy's, and thus somewhat lower speeds, but the geocentric speed problem remains. 25 Kepler adds that it is more credible to have a vast thing with no motion, than a small thing with great motion. 26 Kepler also notes that size means nothing to God, and here his writing becomes almost poetic:
Where magnitude waxes, there perfection wanes, and nobility follows diminution in bulk.
The sphere of the fixed stars according to Copernicus is certainly most large; but it is inert, no motion. The universe of the movables [the planets] is next. Now this-so much smaller, so much more divine-has accepted that so admirable, so well-ordered motion.
Nevertheless, that place neither contains animating faculty, nor does it reason, nor does it run about. It goes, provided that it is moved. It has not developed, but it retains that impressed to it from the beginning. What it is not, it will never be. What it is, is not made by it-the same endures, as was built. Then comes this our little ball, the little cottage of us all, which we call the Earth: the womb of the growing, herself fashioned by a certain internal faculty. The architect of marvelous work, she kindles daily so many little living things from herself-plants, fishes, insects-as she easily may scorn the rest of the bulk in view of this her nobility. Lastly behold if you will the little bodies which we call the animals. What smaller than these is able to be imagined in comparison to the universe? But there now behold feeling, and voluntary motions-an infinite architecture of bodies. Behold if you will, among those, these fine bits of dust, which are called Men;
to whom the Creator has granted such, that in a certain way they may beget themselves, clothe themselves, arm themselves, teach themselves an infinity of arts, and daily accomplish the good; in whom is the image of God; who are, in a certain way, lords of the whole bulk. And what is it to us, that the body of the universe has for itself a great breadth, while the soul lacks for one? We may learn well therefore the pleasure of the Creator, who is author both of the roughness of the large masses, and of the perfection of the smalls. Yet he glories not in bulk, but ennobles those that he has wished to be small.
In the end, through these intervals from Earth to the Sun, from Sun to Saturn, from Saturn to the fixed stars, we may learn gradually to ascend toward recognizing the immensity of divine power.
27
Having prepared the ground with these discussions, Kepler now comes directly to the question of star sizes. Since he has stated that the orbit of Saturn would have an apparent diameter of three seconds as seen from the sphere of the stars, any star with an apparent diameter of three seconds as seen from Earth must be equal in physical size to the orbit of Saturn-that is, to the entire planetary system. And so Sirius, the most prominent of all the stars, which Kepler says to appear larger than three minutes, must be larger than the entire planetary system, and the awesome "new star" or nova of 1604 that is the subject of De Stella Nova must be larger still:
I have gladly inserted so much here concerning the objections to the . Thus if somebody were placed in this belt of Orion, having our sun and the center of the world above him, he would see, first, on the horizon, a kind of unbroken sea of immense stars quasi-touching each other, at least to the sight; and from there, the more he raised his eyes, the fewer stars would he see; moreover, the stars will no longer be in contact, but will gradually [appear to be] more rare and more dispersed; and looking straight upward he will see the same [stars] as we see, but twice as small and twice as near to each other.
37
Moving the stars off a sphere does not change the situation, because the farther any star is removed from Earth, the larger it must be 38 (again, per Figure FS ):
For if the thing is as thus said, then certainly when any one [of the Orion belt stars] will be higher by two, three, a hundred times, it will therefore be larger by two, three, a hundred times. Indeed, you may say it is elevated however much; you will never arrange things so that it may be seen by us to not have a diameter of two minutes.
39
Thus the stars are large, but Kepler notes elsewhere in writing against Bruno that they are not very bright-all the more indication that the universe is not a universe of suns. In his 1610
Dissertatio cum Nuncio Sidereo, he writes: that where we mortals dwell, in the company of the sun and the planets, is the primary bosom of the universe; from none of the fixed stars can such a view of the universe be obtained as is possible from our earth or even from the sun. For the sake of brevity, I
forbear to summarize the passage. Whoever reads it in its entirety will be inclined to assent.
Let me add this consideration to buttress my case. To my weak eyes, any of the larger stars, such as Sirius, if I take its flashing rays into account, seems to be only a little smaller than the diameter of the moon. But persons with unimpaired vision, using astronomical instruments that are not deceived by these wavy crowns, as is the naked eye, ascertain the dimensions of the stars' diameters in terms of minutes and fractions of minutes. Suppose that we took only l000 fixed stars, none of them larger than lʹ (yet the majority in the catalogues are larger). If these were all merged in a single round surface, Brahe determined with non-telescopic instruments, but it reveals apparent sizes nonetheless (per Figure D) , and thus the stars must have physical bulks at least as large as the Earth's orbit, since (as Locher and Scheiner said) Earth's orbit is vanishingly small in a Copernican universe, while the stars are merely small. Since there are so many stars, the total area of the sky that they occupy must be a non-negligible fraction of the area occupied by the disk of the sun; yet their combined power of illumination is negligible compared to the sun. Thus although the stars must be vast in bulk, they also must be dim-they have low surface brightness. The more distant the stars might be, the greater their bulks must be, and thus the lower their surface brightness.
Therefore, in the early seventeenth century, science reveals the Copernican universe to consist of exactly that which Kepler describes in the sixteenth chapter of De Stella Nova: a vast shell of huge but dull stars, surrounding a tiny but brilliant sun and its lively planets; and at least one of these planets teems with life; and among that life are these motes of dust called human beings, which beget themselves, clothe themselves, and so forth. A universe of sun-like stars, on the other hand, is the creation of those who don't do their science carefully enough. It is, says
Kepler, a universe invented by crazy philosophers, who have broken out of their asylum and are running around exulting in the immensity they have imagined. 49 It is not the universe observed by careful astronomers.
OTHER COPERNICANS Since Kepler's view of the Copernican universe is what follows from observations, it is not surprising to find that it was not unique. 50 In 1576 the Copernican Thomas Digges had also used language which spoke of the starry universe in terms of both giant stars and divine power, when 
THE PALLACE OF FOELICITYE GARNISHED WITH PERPETUALL SHININGE GLORIOUS LIGHTES INNUMERABLE. FARR EXCELLINGE OUR SONNE BOTH IN QUANTITYE AND QUALITYE THE VERY COURT OF COELESTIALL ANGELLES DEVOYD OF GREEFE AND REPLENISHED WITH PERFITE ENDLESSE IOYE THE HABITACLE FOR THE ELECT
In his translation of Copernicus, he adds the following commentary:
Herein can we never sufficiently admire this wonderful & incomprehensible huge frame of God's work proponed to our senses.... we may easily consider what little portion of God's frame our Elementary corruptible world is, but never sufficiently of that fixed Orb garnished with lights innumerable and reaching up in Spherical altitude without end....
And this may well be thought of us to be the glorious court of the great God, whose unsearchable works invisible, we partly by these his visible, conjecture; to whose infinite power and majesty, such an infinite place, surmounting all other both in quantity and quality, only is convenient.
Then there is the Copernican Christoph Rothmann, with whom Tycho corresponded. When
Tycho put the star size argument to Rothmann, with the assertion that the giant Copernican stars were absurd, Rothmann responded with- Copernican stars, and wrote a lengthy discussion on them in which he used a variety of passages from Scripture to justify their existence. Indeed, Lansbergen saw the giant stars as the warriors in God's own army, and the palace guard of heaven-and he thanked the telescope for providing the information needed to show that this could be true (namely, the telescope's revelation that far more stars existed than could be seen with the naked eye, and so they were numerous enough to make an army suitable for God).
All of these Copernicans speak of a universe of giant stars (or stars excelling our sun), just like As long as stars were thought to have measurable diameters, Kepler's universe of giant dull stars and a unique, tiny, brilliant sun was the universe that science demanded. A universe in which stars were suns, such as was envisioned by Hooke or Bruno, did not stand up to observations.
Thus there exists a phase in the Copernican Revolution, exemplified by Kepler, in which the Copernican universe was nearly as different from our modern view of the universe as was the geocentric universe. Indeed, that phase lasted up until about the point where Hooke discovered something about star sizes while trying to detect parallax. Figure. FS. The more distant an observed object is from Earth (E), the more bulky it must be to retain the same apparent size (indicated by the shaded region). A and B will each have the same apparent size as seen from E, but B is over four times more distant from E than is A, so B has over 4 times the diameter of A, and over 64 times (4 cubed) the volume of A. well then we will seek the remedy in astronomy itself. Thus by the same means which seem to those philosophers to enable them to break out of the limits of the world into the immensity of infinite space, we will bring them back. "It is not good for the wanderer to stray in that infinity." Miguel Granada (Granada 2008, 479) , however, translates this as referring to the madness of those philosophers whomisuse the authority of Copernicus as well as that of astronomy in general, which proves-particularly that of Copernicus-that the fixed stars are at an incredible altitude. Well, let us seek the remedy in Astronomy herself, so that by her arts and soothing blandishments this madness of the philosophers (a madness that was provoked by her indulgence, once the bolts were broken and confined spaces abandoned [ruptis locis et repagulis] and carried itself out into this immensity), might be led to come back within the bounds of the world and its prisons [intra Mundi metas, atque carceres suos]. Surely, it is not good to wander through that infinity [vaganti per illud infinitum bene non est]. The words Kepler uses in the portion that Koyré paraphrases-insania, repagulis (the bolts or bars of a door), blandientibus poppysmis (alluring cluckings of the tongue, like might be used to call back a pet), carceres (confinement cells)-all convey a tone that suggests dealing with the insane. A still closer translation of this paragraph:
But because this sect abuses the authority of Copernican, and indeed all, Astronomy; insofar as Copernicus presents as incredibly high the unmoving fixed stars (true of all Astronomy, but especially Copernican): Come! Indeed we may seek from Astronomy herself the remedy: when that insanity of the philosophizers, provoked by her indulgence, has carried itself away into this immensity, quarters and door-bars destroyed: it may still be turned back within the boundaries of the universe, and [they within] their own cells, by her alluring arts and tongue-cluckings. Certainly it is not good, truly wandering through that infinity. Put briefly, Kepler is saying that the crazy philosophers have broken out of the asylum and are running around in the infinity they have created for themselves, but through astronomy we can gently coax them back into their cells for their own good. 50 This discussion on Digges, Rothmann, and Lansbergen is condensed from (C. M. Graney 2015, 76-85) ; (C. M. Graney 2013) . 51 The question is worth further investigation of whether observations in the later seventeenth century such as those published by Huygens, Hevelius, and Hooke are in fact the earliest solid, reproducible evidence for the spurious nature of telescopically observed stellar disks, and in particular whether the anomalous remarks about stars by Ingoli and Kepler previously mentioned might be more than just anomalous. Some times Galileo's remarks in his 1610 Sidereus Nuncius regarding fixed stars seen through a telescope not having a circular periphery are taken as him recognizing the spurious nature of the telescopic appearance of stars-e.g Stillman Drake in (Galilei 1957, 47, n. 16 ). However, Galileo had only been using a telescope a short time when he wrote those remarks. His subsequent discussions of the telescopic appearance of stars over many years consistently refer to stellar disks, per Figure D . See (Graney and Grayson 2011) ; (C. M. Graney 2015, 45-61) .
